It has become clear that both insulin-like growth factor I (IGF-I) 1 and IGF-II stimulate both normal and malignant breast cell proliferation (1) . Transgenic mice that overexpress IGF-II in mammary epithelial cells develop breast cancer, suggesting that IGF signaling may also participate in the transformation event (2) . Most evidence suggests that the tyrosine kinase type I IGF receptor (IGFR1) mediates the mitogenic signaling of both IGF-I and IGF-II (3). Indeed, specific tyrosine residues contained in the intracellular domain of the receptor have been shown to mediate mitogenesis, transformation, and survival (4 -6) . Although insulin receptor also mediates a mitogenic signal for breast cancer cells (7), IGFR1 has been shown to stimulate a more potent mitogenic signal than the insulin receptor (8) . Thus, identifying the key signaling pathways for IGFR1 may have implications for breast cancer. Interest in characterizing the molecules that bind to the activated receptor has led to the discovery that multiple adaptor proteins are involved in IGF signal transduction. The adaptor protein insulin receptor substrate 1 (IRS-1) was one of the first molecules discovered (9) ; however, additional molecules (IRS-2, Shc, Crk, Gab10, GrbIR/Grb10, p85, and phosphatidylinositol 3-kinase (PI3 kinase)) have all been shown to interact directly with the receptor (10 -13) . Adding to this complexity, both IRS-1 and IRS-2 can couple to multiple additional signaling pathways (Grb2, p85, Syp, and Nck), which could potentially result in a cascade of signals originating from the IGFR1 (14) . Recent results suggest that the IRS family may contain additional members (15, 16) .
The IRS proteins were first identified as signaling molecules for the insulin receptor. Because IGFR1 is homologous to the insulin receptor, it was not surprising that both IRS-1 and IRS-2 are activated by the IGFs. However, additional ligands also activate the IRS proteins. Interleukin 4 (IL-4), a cytokine that stimulates B and T cell proliferation, also signals through the IRS proteins (17) . Recent evidence has also shown that other cytokines also use the IRS-2 signaling pathway (18) .
Because the pathways triggered by the IGFs and the signals mediated by the IRS adaptor proteins are complex, many of the studies demonstrating the function of these pathways have used transfection model systems. Although these systems are ideal for demonstrating protein-protein interactions, they are less well suited to identifying the biological effects of the activation of the signaling pathways. Interestingly, breast cancer cells have been shown to respond to IGF-I, IGF-II, and IL-4 (3, 19, 20) . However, unlike lymphocytes, which respond to IL-4 by increased proliferation, breast cancer cells are inhibited by IL-4 treatment. Thus, breast cancer cells can be used to identify signaling pathways activated by both the IGFs and IL-4, and the activation of specific pathways can be coupled to the growth response of the ligand. This study had two aims: first, to determine which signaling molecules are activated by the mitogen IGF-I in breast cancer cells, and second, to determine how IGF growth stimulatory and IL-4 growth inhibitory pathways differ in these cells.
Here we show expression of IRS-1 and IRS-2 in human breast cancer cells and primary breast tumors and that in estrogen receptor-positive cell lines, IRS-1 was the predominant signaling molecule activated by IGF-I, insulin, and IL-4. IGF-I, compared with either IL-4 or insulin, resulted in enhanced tyrosine phosphorylation of IRS-1. Furthermore, increased IRS-1 phosphorylation by IGF-I was directly correlated with increased activation of the downstream effector molecules PI3 kinase and mitogen-activated protein (MAP) kinase. Inhibition of PI3 kinase and MAP kinase activation showed that growth responses to IGF-I were mediated by both pathways. Thus, IRS-1 is the predominant signaling molecule phosphorylated by IGF-I, and multiple growth regulatory pathways are activated distally. Additionally, differences in the growth effects of IL-4 and IGF-I in breast cancer cells may be mediated by differential tyrosine phosphorylation of IRS-1.
EXPERIMENTAL PROCEDURES
Reagents-All chemicals and reagents were purchased from Sigma unless noted otherwise. IRS-1, IRS-2, MAP kinase, PI3 kinase, and 4G10 anti-phosphotyrosine antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). Phospho-specific (activated) MAP kinase antibody was purchased from New England Biolabs (Beverly, MA), RC-20 anti-phosphotyrosine was purchased from Transduction Laboratories (Lexington, KY), and horseradish peroxidase-linked anti-rabbit antibody and rainbow molecular weight markers were from Amersham Pharmacia Biotech. Human interleukin 4 was from Collaborative Biomedical Products (Bedford, MA), IGF-I was from Gro Pep (Adelaide, South Australia, Australia), and insulin was from Novo Nordisk. Ortho[
32 P]phosphate and [ 32 P]ATP were from NEN Life Science Products. Bisacrylamide was from Bio-Rad. PD 098059 was from Calbiochem. MCF-7, ZR-75, and T47-D cells were a gift of C. K. Osborne (San Antonio, TX). MDA-MB-231, MDA-MB-468, Hs578T, and Calu6 cells were purchased from ATCC (Rockville, MD). MDA-MB-435 cells were a gift from Nils Brü nner (Finsenlab, Copenhagen, Denmark). Primary human breast cancers were obtained from the San Antonio Tumor Bank. These tissues were originally studied for steroid hormone receptor status, and excess tissue was stored as frozen, pulverized tumor powders at Ϫ70°C.
Cell Stimulation and Lysis-Cells were cultured in improved minimal essential medium (Life Technologies, Inc.) with 10% fetal calf serum (Summit Biotech, Fort Collins, CO) and 10 nM insulin until 70% confluent and then washed twice with phosphate-buffered saline (Biofluids, Rockville, MD). For IRS-1 and IRS-2 blotting, cells were immediately lysed as described below. For stimulation experiments, medium was changed to serum-free medium (SFM) (described previously (21)) for 24 -48 h. Cells were treated with PD098059 and wortmannin as described below, in growth assay. Medium was replaced with SFM plus indicated growth factors for 10 min at the following concentrations, unless noted otherwise: 5 nM IGF-I, 50 ng/ml IL-4, and 10 nM insulin. Cells were washed twice in ice-cold phosphate-buffered saline and lysed with 500 l/10-cm dish TNESV buffer. Protein concentration of the cleared lysates was determined by the copper-bicinchoninic acid method with a kit from Pierce. Tumor proteins were also extracted in TNESV buffer as described previously (21) .
Immunoprecipitations-All steps were performed on a platform rocker at 4°C. Equal amounts of protein were first precleared with 25 l of protein A-agarose for 30 min and then incubated with indicated antibody overnight at concentrations according to the manufacturer's instructions. 25 l of protein A-agarose was then added for 4 h, followed by three washes with TNESV buffer. For anti-phosphotyrosine immunoprecipitations, 4G10-biotin was used followed by incubation with streptavidin-agarose beads. Beads were resuspended in 2ϫ Laemmli loading buffer with 30 mg/ml dithiothreitol, boiled, and separated by SDS-PAGE (22) .
Immunoblotting-After SDS-PAGE, proteins were transferred overnight to nitrocellulose membranes (Bio-Rad). The membranes were blocked in 5% nonfat dry milk in Tris-buffered saline-Tween 20 (TBST). For anti-phosphotyrosine blotting with RC-20, membranes were incubated with a 1000:1 dilution in buffer supplied for 2 h at room temperature and then washed five times with TBST. All other blots were incubated with a 1000:1 dilution of indicated antibody in blocking buffer for 1 h. Blots were then incubated with a 2000:1 dilution of horseradish peroxidase-linked anti-rabbit secondary antibody in blocking buffer for 1 h, followed by further washing. Enhanced chemiluminescence was performed according to the manufacturer's instructions (Pierce). Radiographic exposures for anti-phosphotyrosine and activated MAP kinase were typically 5-15 min, whereas MAP kinase, PI3 kinase, IRS-1, and IRS-2 were exposed for less than 1 min. Densitometry was performed by scanning the radiographs (ScanJet IIcx, Hewlett-Packard) and then analyzing the bands with ImageTool software, version 2.0 (University of Texas Health Science Center, San Antonio, TX).
V-8 Protease Digest-70% confluent cell monolayers were incubated overnight in SFM, washed twice with phosphate-free medium with no additives (Life Technologies, Inc.), and incubated for 1 h in the same medium. Medium was changed to phosphate-free medium with no additives plus 100 Ci/ml ortho[ 32 P]phosphate and incubated for 4 h; growth factor was added as indicated for 10 min, and then cells were lysed, immunoprecipitated, and separated by SDS-PAGE as described above. After electrophoresis, the gel was dried, and bands corresponding to IRS-1 were excised by aligning the gel with the autoradiogram. Gel slices were placed into wells and solubilized in buffer according to the method of Cleveland (23). 1.5 g of V-8 protease was added to each well, and digestion occurred in the stacking gel. For anti-phosphotyrosine blotting of V-8 digests, IRS-1 immunoprecipitates were loaded directly into wells, digested as above, and transferred to nitrocellulose, and anti-phosphotyrosine blotting was performed as above.
PI3 Kinase Assay-After growth factor treatment, 70% confluent cell monolayers were washed, lysed, and incubated with primary antibody for 30 min followed by further incubation with protein A-agarose for 2 h according to the manufacturer's instructions (UBI). After last wash was removed, PI3 kinase assay was performed as described previously (24) . Briefly, samples were resuspended in 50 l of PI3 kinase buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM EGTA), and 10 g of phosphatidylinositol was added. After 10 min at room temperature, 10 Ci of Cell Proliferation Assay-Cells were grown in 24-well plates in full culture medium, changed to SFM overnight, and then changed to treatment groups and incubated as indicated in legends for Figs. 7 and 9. For wortmannin and PD098059 treatment, the compounds were diluted in Me 2 SO and then added to SFM. The final concentration of the compound is indicated in Figs. 7 and 9 ; the final ratios were as follows: compound ϩ Me 2 SO, 0.33%; control groups, 0.33% Me 2 SO alone. Growth factors were added after a 30-min preincubation with the inhibitor. Growth was analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (25) . 60 l of 5 mg/ml MTT reagent in phosphate-buffered saline was added to each well at the appropriate time point; then, after a 4 h incubation, wells were aspirated, and 0.5 ml of Me 2 SO ϩ 2.5% improved minimal essential medium was added. Absorbance was measured at 545 nm using a 690 nm differential filter. We next determined the relationship between IRS-1 and IRS-2 expression by analyzing total cell lysates from breast tumor extracts. Nine of 10 breast tumors examined co-expressed IRS-1 and IRS-2 (data not shown). Given this co-expression of IRS-1 and IRS-2 in breast cancer cell lines as well as tumors, our next objective was to determine which substrate, if any, predominates in IGF-I, insulin, and IL-4 signaling in breast cancer cells.
RESULTS

IRS-1 and IRS-2 Were Expressed in Human Breast
IRS-1, IRS-2, and Shc Activation in Breast Cancer
CellsInitially, we used the IGF-I-, IL-4-, and insulin-responsive, estrogen receptor-positive breast cancer cell line MCF-7 to examine postreceptor signaling. As shown, this cell line expresses IRS-1 and IRS-2, as determined by immunoblotting ( Fig. 1 ). Anti-phosphotyrosine blotting ( several other breast cancer cell lines. After demonstrating IRS-1 activation in MCF-7 cells, we next investigated two more IGF-I-responsive, estrogen receptor-positive cell lines, ZR-75 and T47-D (26, 27) . Fig. 3B , top panel, shows that IL-4, IGF-I, and insulin stimulated a prominent 185-190-kDa phosphoprotein in the total cell lysates of ZR-75. After IRS-1 immunoprecipitation, a 185-190-kDa phosphoprotein was present in IL-4-, IGF-I-, and insulin-treated lanes but not in untreated cells (SFM). After stimulation by all three ligands and IRS-2 immunoprecipitation, only a faint tyrosine-phosphorylated band was identified. T47-D, another estrogen receptor-positive cell line, showed IRS-1 and no IRS-2 phosphorylation after IGF-I treatment. Of note is that tyrosine phosphorylation of IRS-1 or IRS-2 was not detected in response to IL-4 and insulin (Fig.  3B) . However, the pattern of IRS-1 activation instead of IRS-2 after IGF-I treatment in T47-D cells was very similar to that of ZR-75 and MCF-7.
To show that IRS-2 antibody could immunoprecipitate phosphorylated IRS-2, we stimulated the lung cancer cell line Calu6 with the three ligands and blotted for anti-phosphotyrosine. A 185-190-kDa phosphorylated protein was seen in the whole cell lysates of IL-4-, IGF-I-, and insulin-treated cells (Fig. 3B , lower panel). Immunoprecipitation with IRS-1 antibody revealed a single band phosphoprotein at 185 kDa in the treated lanes, similar to MCF-7 cells. In contrast to the breast cancer cell lines, IRS-2 antibody also immunoprecipitated a 190-kDa phosphoprotein in Calu6. In these treated cells, IRS-1 and IRS-2 antibodies immunoprecipitated bands of similar relative intensity after blotting with anti-phosphotyrosine antibodies. Under the same conditions in MCF-7, ZR-75, and T47-D cells, IRS-1 antibodies immunoprecipitated a strong tyrosine-phosphorylated band, whereas IRS-2 antibodies immunoprecipitated only a weak band or none at all. Using the same antibodies in immunoblotting (Fig. 1) , it is clear that IRS-1 and IRS-2 are expressed in these cells (Calu6, MCF-7, T47-D, and ZR75).
Although there were apparent differences in relative levels of the IRS-1 and IRS-2 among the cell lines, immunoblotting with two different antibodies cannot be used to make quantitative statements about the relative abundance of IRS-1 versus IRS-2 within a single cell line. However, it was our impression that the levels of phosphorylation of IRS-1 compared with IRS-2 in the IGF-responsive cell lines were greater than their absolute level of expression would suggest. To further evaluate this possibility, we measured total and phosphorylated levels of IRS-1 and IRS-2 by densitometry. If levels of phosphorylation were directly related to the absolute levels of protein, we would expect that the ratio of phosphorylated IRS-2 to phosphorylated IRS-1 would be similar to the ratio of total IRS-2 to total IRS-1. To estimate these values, we used Calu6 cell lysates as a standard and arbitrarily set the level of IRS expression in Calu6 cells to a value of 1. We determined that in phosphotyrosine blotting of Calu6, IRS-2/IRS-1 was 0.78, close to the arbitrarily defined ratio of total levels of IRS-2:IRS-1 of 1. IRS-1 levels in MCF-7 were 92% of Calu6 levels, and IRS-2 levels were 40%; therefore, based on the Calu6 model, their predicted ratio of activation when adjusted for the total IRS levels would be 0.4/0.92 ϫ 0.78 ϭ 34%. However, the actual ratio of phosphorylated IRS-2:IRS-1 was only 2%. In other words, MCF-7 expresses nearly equal IRS-1 and just under half the IRS-2 of Calu6, yet instead of having 3 times as much IRS-1 activated, it had 50 times as much IRS-1 activated as IRS-2. Similar results were found for ZR-75, but T-47D did not activate IRS-2 at all, so no ratio could be calculated. Of course, even though one would predict IRS-2 activation would be higher in MCF-7 and ZR-75, one cannot completely rule out that the reduced levels of IRS-2 were still responsible for the weak level of activation. Differences in how phosphotyrosine antibodies react with phosphorylated IRS-1 and IRS-2 and how IRS-1 or IRS-2 antibodies react might also explain the differences in IRS-2 activation observed in MCF-7 and Calu6. Nonetheless, we conclude that IRS-1 is the predominant signaling molecule activated by IGF-I in these breast cancer cells.
In the estrogen receptor-negative cell lines MDA-231, MDA-468, MDA-435, and Hs-578T, IRS-1 activation was only minimally detected or not detected at all after ligand treatment, similar to the situation for IRS-2 in the estrogen receptorpositive cell lines (data not shown). These estrogen receptornegative cell lines are not growth stimulated by IGF-I, whereas the estrogen receptor-positive cell lines MCF-7, ZR-75, and T47-D (28, 29) are all reported to be responsive to IGF-I and all appear to predominantly use IRS-1 activation as a signaling mechanism. It has been previously shown that MDA-231 and MDA-468 cells have postreceptor defects in the insulin and IGF signaling pathway (30, 31) .
Shc has been previously reported to bind directly to IGFR1 (10, 32) and insulin receptor to stimulate mitogenesis independently of IRS-1 in L-6 myoblasts (33) and in 32D cells (34) . Although Shc was detectable by immunoblot in MCF-7 cells, immunoprecipitation followed by anti-phosphotyrosine blotting did not detect Shc activation after IGF-I treatment (data not shown). In contrast, epidermal growth factor treatment of the MDA-MB-231 breast cancer cell line stimulated Shc phosphorylation (data not shown). Therefore, Shc signaling may be important in mediating the biological effects of different growth factors, but it does not appear to be activated by IGF-I in the IGF-responsive MCF-7 cells.
Thus, our data show that IRS-1 is the predominant tyrosinephosphorylated protein species in the estrogen receptor-positive cell lines T47-D (stimulated with IGF-I), MCF-7, and ZR-75 (stimulated with insulin, IL-4, and IGF-I). Because these ligands have diverse biological effects, we next examined how each effected tyrosine phosphorylation of IRS-1 in MCF-7 cells.
IGF-I, Insulin, and IL-4 Stimulated Different Patterns of Phosphorylation of IRS-1-Regulation of downstream signaling elements through differential tyrosine phosphorylation of IRS-1 by insulin and IL-4 has been suggested previously (35).
Because the migration pattern of IRS-1 was different when stimulated by each ligand, we next asked whether this difference could be due to phosphorylation, and specifically, to phosphorylation on tyrosine residues. To determine this, we immunoprecipitated IRS-1 from stimulated, 32 P-labeled cell lysates of MCF-7 cells. 185-kDa bands corresponding to IRS-1 (Fig. 4 , left panel) were excised and digested with V-8 protease (Fig. 4,  middle panel) . After V-8 digestion, a fragment of 43 kDa appeared to increase in intensity from unstimulated (SFM), to IL-4 and insulin, to IGF-I. The unstimulated cells (SFM) before and after digestion had a high level of basal phosphorylation of IRS-1 (Fig. 4, left and middle panels) , but tyrosine phosphorylation of IRS-1 was not detected by anti-phosphotyrosine blotting in these lysates of unstimulated cells. In contrast, treated cells consistently showed a prominent tyrosine-phosphorylated band at 185 kDa (data not shown). These findings suggest that IRS-1 has a high degree of basal serine/threonine phosphorylation and that the increased intensity of the 43-kDa V-8 fragment is likely due to enhanced tyrosine phosphorylation. To test this, we directly digested IRS-1 immunoprecipitates with V-8 protease and analyzed the fragments by antiphosphotyrosine immunoblotting. Fig. 4 (right panel) shows a 43-kDa band present in treated cells but not in the untreated samples. This band appeared to co-migrate with the 43-kDa doublet seen in 32 P-labeled IRS-1 V-8 fragments (Fig. 4, middle panel) . The intensity of this fragment was greater in IGF-I-treated cells than in either IL-4-treated or insulin-treated cells, suggesting that this fragment was more heavily tyrosine-phosphorylated by IGFR1. We next examined whether this observed increase in tyrosine phosphorylation of IRS-1 resulted in increased activation of two well-characterized effectors of IGF action, PI3 kinase and MAP kinase.
IGF-I, Insulin, and IL-4 Increased the Association between IRS-1 and PI3
Kinase-To determine whether signaling events distal to IRS-1 are differentially activated by IGF-I, insulin, and IL-4, we first examined the effects of each ligand on the p85 regulatory subunit of PI3 kinase. In Fig. 5A , antibodies against the p85 regulatory subunit of PI3 kinase and IRS-1 both immunoprecipitated a 185-kDa phosphotyrosine band consistent with IRS-1 in MCF-7 cells. In Fig. 5B , IRS-1 immunoprecipitates and whole cell lysates were blotted with PI3 kinase antibodies. In MCF-7, ZR-75, and T47-D cells, treatment with IGF-I greatly increased the association of PI3 kinase with IRS-1 (Fig. 5B, left panels) . IL-4 and insulin increased this association compared with untreated cells (SFM) but did not increase it to levels equal to IGF-I. PI3 kinase levels were equal in the total cell lysates of each treatment group (Fig. 5B, right  panels) . In T47-D cells, the ratio of PI3 kinase that co-immunoprecipitated with IRS-1 to the amount present in total cell lysates detected by immunoblotting (Fig. 5B, bottom panels) was comparatively smaller than the ratios in MCF-7 or ZR-75. This is consistent with the finding, shown in Fig. 3B , that IGF-I-stimulated tyrosine phosphorylation of IRS-1 was not as easily detected in T47-D cells as in MCF-7 or ZR-75 cells.
IGF-I, Insulin, and IL-4 Activation of PI3
Kinase-To verify that the observed increased IRS-1/PI3 kinase association also increased biochemical activation of PI3 kinase, a PI3 kinase assay was performed. Fig. 6A shows that IGF-I stimulated a marked increase in PI3 kinase activity over untreated cells (SFM), whereas IL-4 and insulin were less effective activators. Increased PI3 kinase activity was detected both in IRS-1 (Fig.  6A, right panel) and anti-phosphotyrosine (left panel) immunoprecipitates. Fig. 6B shows that PI3 kinase activity in ZR-75 and T47-D cells was also markedly increased with IGF-I treatment, whereas IL-4 and insulin were less effective. In T47-D cells, the activation of PI3 kinase was minimal after treatment with either IL-4 or insulin, which is consistent with the finding that IRS-1 is phosphorylated minimally or not at all after treatment with these ligands (Fig. 3B) . These data suggest that the increased tyrosine phosphorylation of IRS-1 seen in phosphotyrosine blotting (Fig. 3) and V-8 digests (Fig. 4) correlates with increased PI3 kinase association with IRS-1 (Fig. 5 ) and PI3 kinase enzymatic activity (Fig. 6) .
Inhibition of PI3 Kinase Signaling in Estrogen Receptorpositive Cell Lines-To examine the contribution of PI3 kinase to the IGF-I-mediated proliferative signal, we employed the specific inhibitor wortmannin to block PI3 kinase activation (36) . Wortmannin caused a dose-dependent decrease in basal and IGF-I-stimulated PI3 kinase activity in MCF-7 cells (Fig.  7A) . Dose-dependent inhibition of basal and IGF-I-stimulated growth by wortmannin (Fig. 7B ) mirrored the biochemical inhibition (Fig. 7A) . Complete inhibition of IGF-I-induced PI3 FIG. 5 . IRS-1 association with PI3 kinase. A, MCF-7 monolayers were treated as indicated above lanes, and TNESV lysates were immunoprecipitated with PI3 kinase or IRS-1 antibodies, followed by antiphosphotyrosine immunoblotting. Phosphorylated IRS-1 (indicated at the left) was detected in both the PI3 kinase and IRS-1 immunoprecipitates. B, MCF-7, ZR-75, and T47-D monolayers were treated as indicated above lanes, and TNESV lysates were immunoprecipitated with IRS-1 antibodies, followed by p85 PI3 kinase immunoblotting. 50 g of total protein from cell lysates was included to show equal levels of PI3 kinase before IRS-1 immunoprecipitation in each treatment group (cell lysate) .   FIG. 4. V-8 digest of IRS-1 kinase activity or growth could not be achieved at any concentration of wortmannin. 250 nM wortmannin also decreased IL-4-and insulin-stimulated PI3 kinase activity in MCF-7 cells in a manner similar to that shown for IGF-I (data not shown). Fig. 7C shows that IGF-I-induced PI3 kinase activity in ZR-75 and T47-D could also be blocked by 250 nM wortmannin. IGF-I-stimulated growth in ZR-75 cells (approximately 1.7 times control; average of three experiments) was also partially blocked by 250 nM wortmannin (data not shown). Thus, IGF-I activation of PI3 kinase was associated with mitogenesis. We next examined the activation of another downstream signaling pathway important in mitogenic stimulation, MAP kinase.
IGF-I-, Insulin-, and IL-4-stimulated Activation of MAP Kinase-Phosphorylated
IRS-1 can activate the MAP kinase pathway by binding Grb2 and engaging the ras/raf pathway (37) . In MCF-7 cells, stimulation by IGF-I and the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) resulted in phosphorylation of the p44 and p42 (erk1 and erk2) members of the MAP kinase pathway, whereas IL-4, insulin, and 10% serum were less effective (Fig. 8, top panel) . Total MAP kinase blotting showed that levels of MAP kinase were equal in all of the cell lysates (Fig. 8, bottom panel) . Thus, MAP kinase, like PI3 kinase, was more vigorously activated by IGF-I than by insulin and IL-4. Because IGF-I stimulated activation of MAP kinase, we next tested whether this pathway contributed to the proliferative signal delivered by IGF-I.
To block activation of the MAP kinase pathway, we used the MAP kinase activating enzyme inhibitor PD098059 (38) . MAP kinase activating enzyme inhibition by PD098059 had no effect on activation of IRS-1 (Fig. 9A, top panel) but decreased IGF-I, IL-4, insulin, and 12-O-tetradecanoylphorbol-13-acetate stimulation of MAP kinase in MCF-7 cells (Fig. 9A, bottom panel) . The inhibition of MAP kinase activation by PD098059 resulted in a dose-dependent reduction of IGF-I-stimulated growth in MCF-7 cells (Fig. 9B) . Very similar results were found in ZR-75 and T47-D (Fig. 9C) . IGF-I treatment resulted in an increased activation of MAP kinase compared with IL-4 or insulin treatment, and activation of MAP kinase by all three ligands was partially blocked by preincubation with PD098059. IGF-I-induced growth of ZR-75 cells was similarly partially blocked by PD098059 preincubation (data not shown). Thus, MAP kinase and PI3 kinase are stimulated by IGF-I in these breast cancer cell lines and contribute to the mitogenic response.
Excess Insulin but Not Excess IL-4 Increased IRS-1, MAP Kinase, and PI3 Kinase Activation-To determine whether IL-4 or insulin could mimic IGF-I actions at excess concentrations, FIG. 6 . A, PI3 kinase activation in MCF-7 cells. MCF-7 monolayers were treated as indicated below lanes and then lysed, immunoprecipitated with either anti-phosphotyrosine (ApTyr) or IRS-1 antibodies, and assayed for PI3 kinase activity as described under "Experimental Procedures." Individual spots representing phosphatidylinositol phosphate (the highest spot on the TLC plate) were quantitated on an AMBIS radioanalytic system, and the net counts for each spot are represented on the graphs. B, PI3 kinase activation in ZR-75 and T47-D cells. Cells were treated as indicated and immunoprecipitated with IRS-I antibody, and PI3 kinase assay was performed as in A. Labeled phosphatidylinositol phosphate was quantitated using a PhosphorImager (ZR-75) or AMBIS (T47-D) and are expressed as a percentage of IGF-I stimulation.
we used 10-fold increased concentrations of each ligand and compared their effects on cellular signaling with IGF-I in MCF-7 cells. Excess IL-4 (IL-4, 10ϫ) could not increase activation of IRS-1 (Fig. 10A, top panel) , MAP kinase (Fig. 10A,  bottom panel) , or PI3 kinase (Fig. 10B ) above the 50 ng/ml (IL-4, 1ϫ) levels. In contrast, excess insulin enhanced activation of IRS-1 (Fig. 10A, top) , MAP K (Fig. 10A, bottom) and PI3 kinase (Fig. 10B) . Thus, excess insulin can activate MAP kinase and PI3 kinase to levels nearly equal to those achieved by IGF-I. We have found that 10 nM insulin does not activate the IGFR1 in MCF-7 cells (data not shown). However, excess insulin is known to activate both insulin receptor and IGFR1 (50) . We suspect that the increase in activation of IRS-1 and MAP kinase by 100 nM insulin is mediated through activation of the IGFR1 and not by the insulin receptor.
DISCUSSION
Many of the IGF signaling pathways have been demonstrated in transfected cell lines or with in vitro assay systems. These studies have revealed that a complex network of signaling events are activated by IGFR1 and its adaptor proteins. Two homologous adaptor proteins, IRS-1 and IRS-2, were identified as substrates for the insulin receptor. In addition, these adaptor proteins are involved in signaling by other receptor types, including IGFR1 and the IL-4 receptor (14) . In this study, we examined IRS-mediated signaling events in response to IGF-I, insulin, and IL-4 in three estrogen receptor-positive cell lines, MCF-7, ZR-75, and T47-D. In the IGF-I-unresponsive, estrogen receptor-negative cell lines MDA-231, MDA-468, MDA-435, and Hs-578T, very little or no IRS-1 activation was detected. Defects in the insulin/IGF signaling pathway have been previously documented in MDA-231 and MDA-468 cells (30, 31) . Furthermore, Hs-578T cells do not express detectable IGFR1 mRNA (39) . Thus, the physiologic role of IGF action in these ERϪ breast cancer cells is unclear.
Because IGF-I, insulin, and IL-4 are known to have divergent effects on ERϩ breast cancer cells, functional signaling pathways must exist, and differences in activation of these pathways may account for the differences in biological activity. Because we found that both IRS-1 and IRS-2 were present in breast cancer cell lines and tumors, we hypothesized that the differential effects of the ligands could be due to differential activation of the adaptor proteins. Other studies have suggested that IRS-2 (originally named 4PS (IL-4-phosphorylated substrate) is the primary mediator of IL-4 effects in hematopoietic cells, and we reasoned that IRS-2 would have a similar IRS-1 has over 20 potential tyrosine phosphorylation sites, which serve as binding sites for SH2 domain-containing proteins. These phosphorylated sites provide docking positions for a wide array of other signaling molecules, such as PI3 kinase, Grb 2, and Syp, creating the possibility of a complex, multidimensional signal sent to cells. In addition, IRS-1 can also activate signaling pathways in the absence of tyrosine phosphorylation (40) . Although there have been many reports of differential IRS signaling in different cell types, there have been few reports on differential signaling through IRS-1 in the same cell by different ligands (35) . Our data support the possibility that the level of IRS-1 tyrosine phosphorylation and coupling to downstream signaling pathways is dependent on the receptor type.
Like other cells, activation of IRS-1 in breast cancer cells results in the downstream activation of several different signaling pathways. Although PI3 kinase has been shown to mediate the metabolic effects of insulin (41), our studies suggest that PI3 kinase also mediates IGF-I mitogenic effects in breast cancer cells. In addition, MAP kinase also apparently regulates IGF-mediated mitogenesis. Dufourny et al. (42) recently showed a 40% reduction in IGF-I-stimulated growth in MCF-7 cells using 20 M PD098059. Despite this reduction, the authors concluded that MAP kinase was not required for mitogenesis because cyclin D1 expression and the hyperphosphorylation of Rb was not affected (42) . Our inhibition of growth was similar (50 -60%), but we did not study effects on gene expres- sion distal to MAP kinase. Dufourny et al. (42) also used detection of up-shifted ERK2 as a marker for MAP kinase activation, whereas we used phosphospecific MAP kinase antibody. Our reduction in growth was greater than theirs, and we were also unable to completely inhibit activation of MAP kinase, suggesting that phospho-specific MAP kinase antibody may be more sensitive in detecting activated MAP kinase. However, in both studies, when PD098059 was given with IGF-I, growth was inhibited. Thus, it is possible that MAP kinase contributes to the mitogenic pathway and utilizes downstream molecules other than Rb and cyclin D1 to affect proliferation.
The central role of IRS-1 in breast cancer growth regulation has also been shown in transfection studies of MCF-7 cells. IRS-1 introduced into these cells results in enhanced cell growth and partial estrogen independence (43) . Furthermore, we have shown that high IRS-1 levels were associated with early recurrence in node-negative breast cancer (21) . Thus, IRS-1 is a key signaling molecule in breast cancer cells and initiates several mitogenic pathways. To interfere with IGFmediated mitogenesis in breast cancer cells, targeting of IRS-1, or at steps proximal to its activation, could be an effective inhibitor of growth. Recently, studies using IRS-1 deficient fibroblasts have shown that expression of IRS-1 is not necessary for activation of MAP kinase (44) . Unlike our cells, these fibroblasts phosphorylate IRS-2 and Shc after IGF-I exposure, suggesting that cells of different origins may utilize different downstream signaling pathways to mediate IGF effects.
Studies have shown that IL-4 is an inhibitor of breast cancer cell proliferation (19, 20) . Moreover, IL-4 inhibits estradiolmediated growth of estrogen-responsive cells. This is in distinct contrast to the effects of IGF-I on breast cancer cell growth. IGF-I alone is a mitogen, and IGF-I plus estradiol results in additive, if not synergistic, growth effects (45). Because we did not detect any qualitative differences between IGF-I and IL-4 signaling via IRS-1 and IRS-2, several possible explanations for these differences may exist. First, it has been suggested that different subcellular localization of IRS-1 and PI3 kinase is responsible for different signals delivered by insulin and platelet-derived growth factor in 3T3 L1 adipocytes (46) . However, after fractionation of subcellular compartments (47), we were unable to detect any differences in the subcellular localization of IRS-1, PI3 kinase, and MAP kinase in MCF-7 or ZR-75 cells after stimulation with IGF-I, IL-4 and insulin (data not shown). Second, initiation of mitogenesis may require the crossing of an activation threshold of downstream signaling molecules. Thus, IGF-I is a mitogen because of its ability to more vigorously activate MAP kinase and PI3 kinase. If activation of the these pathways is less than optimal, as is the case for IL-4 and insulin stimulation or after wortmannin and PD098059 treatment, then the mitogenic response is similarly dampened. Although this may explain why IL-4 is not a mitogen, it does not readily explain how IL-4 could function to inhibit estradiol growth stimulation. Third, other pathways may also be activated by IL-4. It is well known that the JAK/stat pathway is required for IL-4 function in lymphocytes, and activation of these pathways could potentially be inhibitory in breast cancer cells (48) . We have found that IRS-1 co-immunoprecipitates with JAK3 antibody in MCF-7 cells (data not shown). IL-4 could also activate other members of the MAP kinase family, such as stress-activated protein kinase/jun kinase or p38. Both of these signaling pathways have been implicated in programmed cell death (49) , and activation of these pathways could account for the inhibitory effects of IL-4 on breast cancer cells.
Thus, IRS-1, and not IRS-2, is a key signaling molecule for IGFR1 in estrogen receptor-positive breast cancer cells. IGFR1 is a more potent activator of IRS-1 than either insulin or IL-4 receptor. We also observed a direct correlation between levels of IRS-1 tyrosine phosphorylation, activation of PI3 kinase and MAP kinase, and cell growth. We suspect that IGFR1 creates additional or different SH2 binding sites on IRS-1 that enhance activation of downstream signaling molecules. Neither insulin or IL-4 could effectively activate these downstream signaling pathways through IRS-1, and they are, therefore, less efficient promoters of cell growth. We conclude that signaling through IRS-1 is responsible for the mitogenic effects of IGF-I in estrogen receptor-positive breast cancer cell lines.
